Singlet delta oxygen (SDO) yield, small signal gain, and output power have been measured in a scaled electric discharge excited oxygen-iodine laser. Two different types of discharges have been used for SDO generation in O 2 -He-NO flows at pressures up to 90 Torr, crossed nanosecond pulser/dc sustainer discharge and capacitively coupled transverse RF discharge. The total flow rate through the laser cavity with a 10 cm gain path is approximately 0.5 mole s −1 , with steady-state run time at a near-design Mach number of M = 2.9 of up to 5 s. The results demonstrate that SDO yields and flow temperatures obtained using the pulser-sustainer and the RF discharges are close. Gain and static temperature in the supersonic cavity remain nearly constant, γ = 0.10-0.12% cm −1 and T = 125-140 K, over the axial distance of approximately 10 cm. The highest gain measured is 0.122% cm −1 at T = 140 K. Positive gain measured in the supersonic inviscid core extends over approximately one half to one third of the cavity height, with absorption measured in the boundary layers near top and bottom walls of the cavity. Laser power has been measured using (i) two 99.9% mirrors on both sides of the resonator, 2.5 W, and (ii) 99.9% mirror on one side and 99% mirror on the other side, 3.1 W. Gain downstream of the resonator is moderately reduced during lasing (by up to 20-30%) and remains nearly independent of the axial distance, by up to 10 cm. This suggests that only a small fraction of power available for lasing is coupled out, and that additional power may be coupled in a second resonator. Preliminary laser power measurements using two transverse resonators operating at the same time (both using 99.9-99% mirror combinations) demonstrated lasing at both axial locations, with the total power of 3.8 W.
Introduction
Scalability of electric discharge excited oxygen-iodine laser (e-COIL or DOIL) is a key issue which could determine whether this laser can be used for practical applications requiring high c.w. powers (in the multi-kilowatt range). The other critical issue that needs to be resolved is improving the laser efficiency. Although a significant increase in laser gain and output power has been reported over the last two years, γ = 0.10% cm −1 and 6.2 W [1] , γ = 0.17% cm −1 and 12.3 W [2] and γ = 0.22% cm −1 and 28 W [3] , the efficiency, defined as the ratio of the laser power to the electric discharge power, remains fairly low, up to approximately 1% [3] . Scaling the laser to high output powers requires increasing the power of an electric discharge used to generate singlet delta oxygen (SDO) in the laser mixture, as well as the discharge pressure and the flow rate of the mixture through the discharge. Increasing laser efficiency requires optimizing SDO yield in the discharge, gain in the laser cavity and laser resonator parameters. In this paper, we present results of experiments with the scaled-up version of the DOIL laser currently under development at the Ohio State University. In the scaled-up laser, both the flow rate and the gain path have been doubled compared with a small-scale version used in our previous work [4] [5] [6] [7] , and the discharge volume has been increased by a factor of 4 to 8. In this paper, both the nanosecond pulser/dc sustainer discharge [4] [5] [6] [7] and the RF discharge [1] [2] [3] have been used for SDO generation. The main objectives of this work are to scale the discharge power without producing plasma instabilities, to characterize the flow in the supersonic cavity and to measure SDO yield in the discharge, gain distribution in the cavity and output power for different laser mirror combinations.
Experimental
The schematic of the experimental setup is shown in figure 1 . In this work, transverse electric discharges in a rectangular geometry are used to generate SDO in an oxygen-helium flow using two different approaches. In the first approach [4] [5] [6] [7] , ionization is produced by a high voltage, high repetition rate nanosecond pulse transverse discharge operated at a very low duty cycle (∼1/1000), while transverse dc sustainer discharge fully overlapped with the pulsed discharge draws the current and couples power to the plasma. The pulsed and the dc electric fields are perpendicular both to each other and to the direction of the flow (see figure 1 ). The dc voltage is kept too low to produce ionization in the flow, which greatly improves the discharge stability. The sustainer voltage can be varied to operate at the reduced electric field (E/N) maximizing the discharge energy fraction going to excitation of a 1 state of oxygen by electron impact. This approach has been previously used to develop a 6 kW c.w. CO 2 laser with a pulser-sustainer discharge power of 70 kW [8] . In the second approach, similar to one used in [1] [2] [3] , the dc electrodes are removed and a capacitively coupled transverse RF discharge is sustained between the same electrodes that are used for the nanosecond pulse discharge. Note that this approach also provides a possibility of coupling additional dc power to the flow if the dc electrodes are left in place and powered. This method has been used to develop a 27 kW c.w. CO 2 laser, using a combined RF/dc discharge operating at 160 kW [9] .
In the scaled-up laser used in this work, the volume of the electric discharge section has been increased by a factor of 4 compared with the previous design [4] [5] [6] [7] , 200 cm 3 versus 50 cm 3 . Specifically, the new discharge section, made from acrylic plastic, is 10 cm long, 10 cm wide and 2 cm high, compared with the 5 cm × 5 cm × 2 cm discharge section used in our previous work [4] [5] [6] [7] . Thus, the distance between the pulsed/RF electrodes is 2 cm and the distance between the dc electrodes is 10 cm. Preliminary experiments were also conducted using two identical discharge sections, the second section placed downstream of the first section, with the total discharge volume of 400 cm 3 . This was done to explore the effect of longer flow residence time in the discharge on SDO yield and laser gain.
A premixed O 2 /He/NO flow is delivered to the discharge section through a 1 inch diameter delivery line followed by a 16 cm long, 30
• half-angle flow expansion section and a 15 cm long flow conditioning section with a 2.5 cm long, 3 mm cell diameter honeycomb flow straightener and two wire mesh screens with 1 mm mesh size. This arrangement greatly reduces flow separation occurring in the flow expansion section. Nitric oxide is added to the oxygen-helium mixture to scavenge O atoms by a rapid recombination reaction, NO + O → NO * 2 → NO 2 + hν [10] . Otherwise, oxygen atoms generated in the discharge would rapidly deactivate excited iodine atoms in the laser cavity, I
* + O → I + O [11] . Our previous experiments using a small-scale laser [6, 7] showed that adding NO to the flow considerably increases small signal gain in the cavity. At baseline operation conditions, P 0 = 60 Torr and 15% O 2 in He, the flow rates are 60 mmole s Two 10 cm × 10 cm copper plate electrodes are flushmounted in the top and bottom walls of the discharge section, 2 cm apart, as shown in figure 1 . The electrodes are covered by alumina ceramic plates 1.6 mm thick to prevent secondary electron emission from the electrode surface and to improve the nanosecond pulse or the RF discharge uniformity and stability.
When the crossed pulsed/dc discharge is used, 5 cm × 2 cm copper dc electrode plates in rectangular alumina ceramic holders are placed along the side walls. The holders prevent direct contact of the dc electrodes with the plastic walls. Channel walls downstream of the discharge are covered by alumina plates, to prevent damaging the plastic test section in the case of discharge instability development and arc filament formation. The pulsed electrodes are powered by a high voltage (up to 30-40 kV), short pulse duration (5 ns), high pulse repetition rate (up to 100 kHz) FPG 60-100MC4 plasma generator (FID GmbH). The dc electrodes are connected to a Glassman 5 kV, 4 A dc power supply through a R = 1 k ballast resistor. For the experiments using capacitively coupled transverse RF discharge, the dc electrodes were removed and the side walls of the discharge section were protected by Teflon inserts. In these experiments, pulsed electrodes in the top and bottom walls were connected to a Dressler 13.56 MHz, 5 kW RF plasma generator with an automatic impedance matching network. In experiments with two identical discharge sections the electrode pairs were connected parallel to each other. An additional variable inductor, adjusted manually between the runs, was connected in series with the load to improve impedance matching.
A mixture of iodine vapour and helium (I 2 flow rate of up to 350 µmole s −1 ) is injected into the flow downstream of the discharge through two aluminium injector blocks (see figure 1) . Each injector block has a single row of 28 injection holes 1.3 mm diameter each. The flow channel height at the injector location is reduced to 0.6 cm, to increase the flow velocity. Based on the flow area ratio (channel height to nozzle throat height ratio of 1.9), the Mach number at the injector location is M ≈ 0.3. Iodine vapour is produced by flowing helium over a bed of heated iodine crystals. Iodine flow rate is determined by measuring the iodine vapour number density (by molecular iodine continuum absorption at 488 nm in an absorption cell), iodine-helium mixture pressure and temperature and helium flow rate through the iodine crystal cell. Typical pressure in the iodine vapour delivery line is 900 Torr, much higher than the main flow static pressure at the injector location, a few tens of Torr, so that the injection flow is choked. Injecting helium/iodine vapour mixture into the main flow considerably increases the discharge pressure, from the baseline value of P 0 = 60 Torr up to P 0 = 79-83 Torr. At these conditions, injection helium flow rate, measured by a mass flow controller, is 75-90 SLM (71-85 mmole s −1 ), or 18-21% of the main flow, increasing the total flow rate of up to 0.5 mole s −1 (3.75 g s −1 ). Two BK-7 glass circular windows 10 mm in diameter, one located upstream of the injector and one downstream of the injector, as shown schematically in figure 1 , provide optical access to the flow for emission spectroscopy measurements.
The discharge section, which also serves as a nozzle plenum, and the injector are followed by a 2.4 cm long M = 3 nozzle with throat dimensions of 0.32 cm × 10 cm and a supersonic cavity 14 cm long (see figures 1 and 2). The distance from the injector to the nozzle throat is 5 cm. The cavity height at the nozzle exit is 1 cm. The top and bottom walls of the cavity diverge at 1.5
• angle each to provide boundary layer relief (see figures 1 and 2). Each side wall has nine 12.7 mm diameter circular apertures providing optical access to the flow in the cavity at different axial locations, up to 12.7 cm downstream from the end of the nozzle, as shown schematically in figure 1 . The centre of the upstream window is located at the end of the M = 3 nozzle. Two stainless steel arms 12.7 cm long and 3.8 cm in diameter can be attached to the side walls of the cavity made of aluminium, forming a transverse laser cavity approximately 45 cm long. The supersonic laser cavity is followed by a gradual flow expansion section 36 cm long, with 3
• expansion angle on the top and the bottom walls, attached to a 6 inch diameter vacuum pipe and vacuum tanks with the total volume of approximately 1000 ft 3 , evacuated by a 150 ft 3 min −1 Stokes vacuum pump. For small signal gain measurements in the laser cavity with gain path of 10 cm, nine pairs of wedged and antireflection coated BK-7 glass windows 12.7 mm in diameter are either placed in the side wall apertures, shown in figure 2, or attached to flanges at the end of the resonator arms. Thus, gain can be measured at multiple axial and transverse locations in the cavity. Small signal gain at 1315 nm in the cavity is measured by tunable diode laser absorption spectroscopy (TDLAS) using a PSI iodine scan probe [12] . Positive gain is measured when iodine atom population inversion is achieved in the flow. For laser power measurements, the windows at the ends of the arms are replaced with laser mirrors (lattice optics, 99.9 ± 0.075% or 99.0 ± 0.4% reflectivity at 1315 nm and curvature radius of 1 m), forming a stable resonator. The laser output power has been measured by a 2 inch aperture Scientech AC5000 thermopile calorimeter connected to Scientech S310 power meter, monitoring both its digital readout and the timedependent calorimeter output signal on the oscilloscope.
SDO yield in the discharge is determined from infrared emission spectroscopy measurements (O 2 (a 1 → X 3 ) spectra), using an optical multichannel analyzer (OMA) with a 0.5 m spectrometer, 600 lines mm −1 grating blazed at 1 µm and a Roper Scientific liquid nitrogen-cooled 1D array 1024-pixel InGaAs PDA camera and calibrated using a blackbody source (Infrared Systems IR-564). The emission signal was collected using a Thor Labs 1 m long optical fibre with a 1.3 inch diameter collimator on the collection end. The collimator was positioned in front of a window in the discharge section wall and the opposite end of the optical fibre was placed in front of the spectrometer slit. For calibration, the test section side wall, with a window in place, was placed between a blackbody source and the collimator lens and the blackbody aperture was set to be the same as the diameter of the window, 10 mm. Calibration showed that the signal intensity collected by the optical fibre collimator remains nearly independent of the distance between the blackbody source and the collimator lens (from 5 to 15 cm), indicating nearly equal contributions of different 'slices' of a nearly cylindrical SDO emission collection region in the flow into the total signal intensity. The same OMA system has also been used to take visible
emission spectra used to infer rotational temperature of the subsonic flow downstream of the discharge. SDO yield and flow temperature measurements have been conducted using an optical access window upstream of the injector (see figure 1 ). One can also see that during steady-state operation, upstream and downstream static pressures are very close to each other, indicating nearly constant Mach number along the cavity. The steady-state static pressures, P 1 = P 2 = 2.9 Torr, correspond to near-design flow conditions at both locations, M = 2.9 at γ = 1.62 (12% oxygen in the O 2 -He flow downstream of the injector). These static pressures are consistent with predictions of the 3D compressible Navier-Stokes flow code [13] at the same flow conditions and nozzle/laser cavity geometry, P 1 = 3.8 Torr (M 1 = 2.7) and P 2 = 3.0 Torr (M 2 = 2.9). Figure 4 shows Mach number distribution in the supersonic cavity in a 12% O 2 in helium flow at P 0 = 80 Torr, T 0 = 380 K and assuming adiabatic wall boundary conditions. These calculations predict that the height of the supersonic core flow region, with the Mach number of M = 2.7-2.9, remains nearly constant, h ≈ 6 mm (see figure 4) .
Results and discussion

Pulser-sustainer discharge experiments
All measurements discussed in this section have been conducted using a single discharge section. The scaled-up pulser-sustainer discharge tests showed the discharge to be diffuse, uniform and stable. Although at high dc voltages multiple filaments have been detected near the cathode, where the discharge remains self-sustained [14] , the discharge never lost stability in the entire range of dc sustainer power supply voltages tested, U PS = 0.5-3.75 kV. the dc electrodes, plotted in figure 5, is significantly lower than the dc power supply voltage because of the voltage drop on the R = 1 k ballast resistor in the dc circuit,
At the conditions of figure 5 , the time-averaged discharge power is 2.9 kW. The highest dc sustainer discharge power achieved is 3.45 kW at P 0 = 80 Torr (at U PS = 3.75 kV and time-averaged voltage and current of U = 1.61 kV, I = 2.14 A), which is significantly higher than the power achieved in the smaller scale (5 cm × 5 cm × 2 cm) pulsersustainer discharge, 2.4 kW at P 0 = 107 Torr [6] . At a lower plenum pressure, P 0 = 60 Torr, the sustainer discharge power achieved so far is 2.7 kW (at U PS = 3.3 kV, U = 1.5 kV and I = 1.8 A), compared wih 1.8 kW in the small-scale laser [6] . Figure 6 shows current-voltage characteristics of pulsersustainer discharges in three different O 2 -He mixtures at P 0 = 60 Torr. Qualitatively, the dependence of the sustainer current on voltage is similar to our previous measurements in the small-scale pulser-sustainer discharge [15] . In particular, the sustainer discharge current increases linearly with the voltage after it exceeds the cathode voltage fall, U c , which depends on the gas mixture and the electrode material [16] (see figure 5) . The linear dependence of the current on voltage is typical for a non-self-sustained discharge and occurs because the plasma conductivity does not depend on voltage, which is too low to produce ionization in the flow, except in the self-sustained cathode layer [14] . sustainer discharge reduced electric field at these conditions is E/N ≈ 5 Td (1 Td = 10 −17 V cm 2 ). SDO emission spectrum in figure 8 is plotted together with the blackbody emission spectrum at T BB = 800
• C (1073 K), used for calibration. SDO yield was calculated from the spectra such as shown in figure 8 using the following equation:
where T , P and y O 2 are temperature, pressure and oxygen mole fraction in the flow downstream of the discharge, respectively, S SDO and S BB are SDO and blackbody emission intensities integrated over the same spectral range of λ = 0.04 µm, as shown in figure 8 , t SDO and t BB are camera gates used (typically, t SDO = 4 s and t BB = 4 ms), L = 0.1 m is the flow channel width, A = 2.2 × 10 −4 s −1 is the Einstein coefficient for SDO spontaneous emission [17, 18] , ε = 0.96 eV is the energy of the SDO emission quantum and I is the blackbody emission spectral intensity (in W sr −1 µm −1 m −2 ) at λ 0 = 1.268 µm and blackbody temperature of T BB = 1073 K, given by the Planck distribution. The estimated uncertainty of the present SDO yield measurements is ±15%.
SDO yield versus discharge power in a 15% O 2 -He mixture at two different discharge pressures, P 0 = 60 and 80 Torr, is plotted in figures 9 and 10. SDO yield has been measured with and without NO added to the flow (at both plenum pressures, NO/He flow rate is 7 SLM). It can be seen that adding NO somewhat increases the yield, by up to 30-35%. One can also see that although the yield increases with the sustainer discharge power (slightly faster than linearly), it remains fairly low, only 3.6-3.7% at the sustainer discharge power of 2.2-2. 
Capacitively coupled RF discharge experiments
Similar to the pulser-sustainer discharge, transverse RF discharge sustained between two pulsed electrodes in the top and bottom walls of the test section remained diffuse, uniform and stable in the entire range of RF powers tested, up to 4.5 kW. Most of the runs were conducted in a relatively conservative RF power range 0.5-3.0 kW. Measurements discussed in this section have been conducted using a single discharge sections, unless specified otherwise. Flow temperatures in the plenum downstream of the discharge, inferred from the visible emission spectra such as shown in figure 7 and plotted in figure 12 , are consistent with the temperatures in the pulser-sustainer discharge. At these energy loadings, 0.39-0.52 eV/O 2 molecule at the conditions of figure 12 , flow temperature rise in the discharge is about 25 K kW −1 and temperature does not exceed approximately 380 K at the RF discharge power of 3 kW (see figure 12 ). Note that in the flow excited by the pulser-sustainer discharge, comparable temperature is achieved at the dc sustainer discharge power of approximately 2 kW (see figure 7) . Somewhat higher apparent temperature in the pulser-sustainer discharge could be due to a larger discharge power fraction thermalized as heat or due to higher temperature filament formation in the cathode layer of the dc discharge. Figures 13 and 14 plot SDO yield versus RF discharge power. Yield data plotted in figure 13 are measured at discharge pressures of P 0 = 60 and 80 Torr, 15% O 2 in helium, without additional helium flow through the injector downstream of the discharge section. Yield in figure 14 is measured at discharge pressures of P 0 = 60 Torr (without helium injection) and P 0 = 86 Torr (while injecting helium to raise the plenum pressure). Comparing figures 13, 14 and figures 9, 10, it can be seen that SDO yields in the pulser-sustainer discharge and in the transverse RF discharge are comparable, and appear to be controlled primarily by the energy loading per oxygen molecule. In the RF discharge, raising the discharge pressure by increasing the flow rate of the main oxygen-helium mixture noticeably reduces the yield (by 25-30%, see figure 13 ). On the other hand, when the discharge pressure is increased by injecting helium downstream, SDO yield decreases only slightly, since this approach does not increase the oxygen flow rate through the discharge (see figure 14 and discussion in section 2).
The fact that SDO yields in the pulser-sustainer and RF discharges are comparable is not very surprising. Although the theoretically predicted reduced electric field at which SDO yield in 10-20% O 2 -He mixtures peaks is E/N = 4-5 Td [15] , this maximum is fairly broad and is reduced by only about 30% at E/N = 10 Td. Therefore SDO yields in the non-selfsustained dc discharge, at E/N = 5 Td (see section 3.1), and in self-sustained dc and RF discharges, at a higher E/N , may be fairly close. This is consistent with the present measurements. At P = 60 Torr and discharge power of 2 kW, SDO yield is 3.2% in the pulser-sustainer discharge versus 2.7% in the RF discharge (see figures 9 and 13). At P = 80 Torr and discharge power of 2.75 kW the yield is 3.6% in the pulser-sustainer discharge versus 2.8% in the RF discharge (see figure 10 and 13).
From figure 14 , it can be seen that at RF discharge power of 3.0-4.5 kW, SDO yield nearly levels off at approximately 3.5%. This might be caused by lower discharge power fraction going into O 2 (a 1 ) excitation by electron impact at higher reduced electric fields (E/N) in the discharge as the power is increased [15] . However, using two discharge sections connected in parallel to increase the current and reduce the voltage across the gap at the same RF power did not result in higher SDO yield, which remained nearly the same. Figure 15 shows that increasing oxygen percentage in the O 2 -He mixture from 10% to 20% steadily reduces SDO yield, which is highest at the lowest O 2 fraction tested, 10%. Figure 16 demonstrates that in the RF discharge the yield weakly depends on the NO mole fraction in a wide range of NO/He flow rates (0-15 SLM).
In the present experiments, 3 kW transverse RF discharge was operated for up to 10 s, with no sign of instability development of arc filament formation. After a few hundred runs, the discharge section did not exhibit any sign of damage. We believe that the discharge power can be scaled from the currently achieved value of 4.5 kW to ∼10 kW using another 5 kW RF power supply to power the second discharge section. Note that in comparison with the pulser-sustainer discharge, RF discharge generates significantly less EMI noise and produces essentially no interference with diagnostics (temperature controllers, infrared camera, OMA spectrometer and gain probe). However, both types of discharges are simple in operation, scalable to comparable powers without producing plasma instabilities and generate comparable SDO yields (compare figures 9, 10 and figures 13, 14) . Long-term reliability of nanosecond pulse power supplies has long been a concern. For example, the FID pulser used in the present experiments broke twice over a period of approximately 3 years, while Dressler RF generator has not experienced a single malfunction over more than 8 years. However, the OSU group has recently acquired capability of building robust and versatile nanosecond pulse generators in-house, which essentially resolves this issue. When iodine vapour in helium carrier flow was injected into the main flow downstream of the RF discharge, iodine atom population inversion was achieved and gain on an iodine atom line at 1315 nm was measured in the supersonic section. Figure 17 shows a typical gain line shape measured on the flow centreline at x = 3.2 cm, at P 0 = 80 Torr (main flow 15% O 2 in helium, NO/He flow 7 SLM, I 2 flow rate of 175 µmole s −1 ) and RF power of 2.75 kW. During these and all subsequent gain and laser power measurements, the helium carrier flow rate through the injector was 80 mmole s −1 , which raised the discharge pressure from P 0 = 60 Torr before the injection to approximately P 0 = 80 Torr. As discussed in section 2, this was done to increase the pressure ratio across the injector, to make sure that the injection flow was choked, and to produce rapid mixing of injected iodine vapour with the main flow. The gain line shown in figure 17 is sampled and averaged by the gain probe over 0.2 s. In figure 17 , gain at the line centre is γ = 0.122% cm −1 , which corresponds to 2.4% gain per double pass of 20 cm. This greatly exceeds losses on 99.99% output coupler mirrors used in our previous work [5] [6] [7] to measure the output laser power and suggests that a lower reflectivity output coupler, down to 99%, can be used to couple the laser power out. Doppler fit to the line shape gives the cavity temperature of T = 140 K (see figure 17) . Figure 18 shows that after the RF discharge is turned on, gain remains steady, within about 5%, during the entire run approximately 6.5 s long. In figure 18 , gain is sampled and averaged every 0.1 s. Figure 18 represents a typical result for the present conditions, where the flow/plasma parameters, such as pressure, gas mixture, discharge power, temperature and SDO yield are stable and well reproducible run-to-run. One parameter which critically affects gain and which was rather difficult to control and reproduce was iodine vapour flow rate. We believe that this may be caused by solid phase iodine coating the I 2 vapour/helium delivery lines and injector blocks. Figure 19 shows gain dependence on the iodine vapour flow rate at P 0 = 86 Torr, 15% O 2 in helium, RF discharge power 3.0 kW and NO/He flow rate 7 SLM. It can be seen that gain falls off on both sides of the optimum iodine flow 7 SLM, I 2 flow rate of 130 µmole s −1 ). It can be seen that gain measured using a single discharge section increases with power and shows a tendency of leveling off at approximately γ = 0.11% cm −1 at 3.5 kW. At these conditions, flow temperature in the supersonic section, inferred from the gain line shape, varied from T = 110 K at 1.0 kW to T = 125 K at 3.5 kW. In contrast, gain measured using two consecutive discharge sections peaks at near 2.75 kW and decreases at higher powers. This is likely due to somewhat higher flow temperatures achieved in two consecutive discharges, T = 135 K at 3.5 kW. Longer flow residence time in the discharge may result in additional relaxation of energy stored in the internal energy modes. This suggests that injection of pre-cooled helium or nitrogen into the main flow upstream of the nozzle may be used to reduce the temperature in the laser cavity, which would result in higher gain.
Limited gain measurements conducted using a pulsersustainer discharge (sustained in a single discharge section) produced results similar to the RF discharge data plotted in figure 21 . With pulser-sustainer, gain peaked at γ = 0.07% cm −1 at the sustainer discharge power of 2.6 kW. This demonstrates that the two types of discharges, in addition to generating similar SDO yields, also produce comparable gain in the laser cavity. Figure 22 shows gain dependence on axial distance along the cavity, measured on the flow centreline at the RF discharge power of 2.75 kW and P 0 = 80 Torr (main flow 15% O 2 in helium, NO/He flow 7 SLM, I 2 flow rate of 150 µmole s −1 ). Gain was measured at nine axial locations, ranging from x = 0 (through the window centred at the M = 3 nozzle exit) to x = 12.7 cm. From figure 22, it can be seen that gain in the supersonic section first slightly increases and then remains nearly constant, γ = 0.10-0.12% cm −1 , through the rest of the cavity (over approximately 10 cm). Gain dependence on the transverse (vertical) distance, measured at two axial locations, x = 3.2 cm and x = 12.7 cm, is shown in figure 23 . The uncertainty in the transverse location of the gain probe laser beam is of the order of half the gain probe laser beam diameter, ∼1 mm. It can be seen that positive gain region (up to γ = 0.11% cm −1 ) extends over about half of the cavity height at the upstream location (i.e. over approximately 6 mm) and over about one third of the cavity height at the downstream location (i.e. over approximately 5 mm). At both locations, gain falls off and becomes absorption in the boundary layers near the top and bottom walls of the cavity.
Figures 24 and 25 compare axial and transverse distributions of line-of-sight integrated temperature distributions in the cavity, inferred from gain/absorption line shapes and predicted by the 3D compressible Navier-Stokes code [13] at the conditions of figures 22 and 23 (P 0 = 80 Torr, T 0 = 380 K, 12% in O 2 in helium and assuming adiabatic wall boundary conditions). As expected, experimental axial temperature distribution on the centreline remains nearly uniform, T = 125-140 K (see figure 24) . Transverse temperature distributions measured at x = 3.2 cm and x = 12.7 cm show nearly uniform temperature in the supersonic inviscid core approximately 6 mm thick, 120-140 K, with temperature in the boundary layers being much higher, 280-340 K (see figure 25 ). The uncertainty of temperature inference from gain/absorption line shape is ±5 K in the inviscid core and ±10 K in the boundary layer. The boundary layer thickness predicted by the code is consistent with the experimental results within the uncertainty of the probe beam location, approximately 1 mm. From figures 24 and 25, it can be seen that the experimental temperatures in the boundary layer are somewhat higher than those predicted by the code, which does not incorporate temperature rise due to O atom recombination and SDO relaxation, as well as the effect of I 2 -He injection on the flow field. Laser power measurements have been conducted using two mirror combinations, one with two 99.9% reflectivity mirrors on both resonator arms, and the other using a 99.9% reflectivity mirror on one arm and a 99% reflectivity mirror on the other. The resonator centreline was located 3.2 cm downstream of the nozzle exit. As expected, in the first case laser powers measured on both sides were close to each other. In the second case, power coupled out on the 99% mirror side was much higher than power measured on the 99.9% mirror side, which was barely detectable. During the laser power measurements, it was determined that the power meter digital readout considerably overpredicts the true laser power (typically by about 50%) until the thermopile calorimeter reaches steady state, which occurs after ∼10-30 s. At steady-state, the power shown by the readout becomes accurate. We believe that the power 'overshoot' artefact is entirely due to the flawed input signal processing algorithm used by the power meter readout, aimed at reducing the apparent time lag of power displayed. As discussed above, the DOIL laser run time at steady-state design conditions is only about 5 s (see figure 3) , which means that the power meter readout cannot be used for accurate power measurements at these conditions. To resolve this difficulty, the calorimeter was calibrated using a CO laser operating at a known c.w. power, by taking oscillograms of the time-varying calorimeter output signal (i.e. without using the readout) after the laser beam was unblocked. Figure 26 plots typical thermopile calorimeter output signal oscillograms taken at three different CO laser powers, 1.0 W, 3.0 W and 4.5 W. Also shown in figure 26 are best fits using the following equation,
This equation, which provides a very good fit of the power meter oscillograms in the CO laser power range from 0.75 W to 5.0 W, has been used to infer the DOIL laser power from the calorimeter oscillograms taken during its operation. Note that this approach is accurate only if the DOIL laser power remains constant in time, and may well underestimate it if there is a brief power overshoot in the beginning of the run. To incorporate this effect, the relative output laser power also needs to be monitored during the run, using a photodiode detector. Figure 27 plots thermopile calorimeter oscillograms taken at P 0 = 80 Torr (main flow 15% O 2 in helium, NO/He flow 7 SLM, I 2 flow rate of 150 µmole s −1 ) and RF discharge power of 2.75 kW, as well as exponential fits used for DOIL laser power inference, using 99.9-99.9% and 99.9-99% mirror combinations. It can be seen that the first mirror combination produces a constant in time 1.1 W laser power output, with the uncertainty of approximately ±0.05 W. In this case, the powers measured on the two sides of the resonator were close to each other, and the highest power measured on both sides of the resonator combined was 2.5 ± 0.1 W (1.2 W + 1.3 W). The second mirror combination produced power output of 3.1 ± 0.1 W (see figure 27) , nearly all of which was measured on the 99% mirror side, as expected. From figure 27, one can also see that in this case laser power starts falling off after Note that peak single-side powers given by the power meter readout during these two runs were 2.5 W and 4.6 W, respectively, which illustrates a significant error given by the readout on the short time scale (a few seconds).
To estimate the ratio of power coupled out and power available for lasing, we compared gain measured at the resonator location at x = 3.2 cm before installing the mirror mounts (i.e. without lasing) and gain measured at several downstream axial locations during lasing. Note that gain measured without lasing remains approximately the same throughout the entire cavity (see figure 22) . The results are summarized in table 1. It can be seen that lasing with two 99.9% output couplers reduces gain downstream of the resonator by 20-30%. Lasing with 99.9% and 99% mirrors results in gain reduction by only about 6%. In both cases, gain downstream of the resonator remains nearly independent of the axial distance (see table 1 ). In the absence of detailed gain recovery measurements (i.e. gain versus axial distance downstream of the laser resonator), these data are insufficient to conclude whether (a) gain recovers rapidly (over less than 3 cm) after it is brought to near transparency by lasing in the resonator or (b) gain reduction in the resonator is fairly minor and gain recovery is delayed significantly (over more than 10 cm). We believe that the first scenario (i.e. rapid gain recovery) is more likely since it is consistent with recent e-COIL laser gain recovery length measurements at similar conditions, 2-3 cm [19] . In either case, the present results demonstrate that additional power, at about the same level, may be coupled using the second resonator placed a few centimetres downstream of the first resonator location.
To confirm this, an additional series of laser power measurements was conducted using two laser resonators operated together, one located at x = 3.2 cm and the other at x = 12.7 cm. Both resonators had a 99.9% mirror ('total reflector') on one side and a 99% mirror ('output coupler') on the other side. Prior to these power measurements, gain has been measured at both axial locations to verify that it remains fairly constant along the cavity (such as shown in figure 22) , γ = 0.105% cm −1 upstream and γ = 0.080% cm −1 downstream. During the power measurements, gain was also measured between the resonators, at x = 9.6 cm, γ = 0.10% cm −1 . The power measurements demonstrated simultaneous lasing in both resonators, with the total power of 3.8 ± 0.1 W (2.9 ± 0.05 W upstream and 0.9 ± 0.05 W downstream, see figure 28 ). Lower power measured at the downstream location is likely due to somewhat lower gain and smaller height of positive gain region (see figure 23) . We also believe that difference in the reflectivity of the two output coupler mirrors, 99.0 ± 0.4%, used in the present experiments may be sufficient to affect the output laser power significantly. Finally, fairly low output power may well be affected by poor mirror alignment, which is difficult to adjust during the short run time available. In the present experiments, laser mirrors are aligned only once prior to each series of power measurement. Basically, the present results suggest that only a fairly small fraction of power available for lasing is coupled out. For comparison, total power stored in SDO at the present conditions, obtained from SDO yield measurements, is approximately 200 W (at SDO yield of 3.5% and SDO flow rate through the laser cavity of 2.0 mmol s −1 ). Power stored in excited iodine atoms is proportional to iodine atom population inversion,
where n I * and n I are the excited and the ground state iodine atom number densities, γ is gain and σ is the stimulated emission/absorption cross section, σ = 1.1 × 10 −17 cm 2 at T = 140 K [7] . For γ = 0.1% cm Remembering that only about half of the flow is occupied by the gain region in the inviscid core (see figure 23), this gives estimated power stored in excited iodine atoms of ∼10 W, which is comparable to the laser power measured in the present experiments but more than an order of magnitude lower than the power stored in SDO. This result, along with gain measurements downstream of the resonator (see table 1) demonstrates significant potential in further optimization of the laser power.
Summary
In this work, an electric discharge excited oxygen-iodine laser apparatus has been successfully scaled to increase the electric discharge volume and power, the laser mixture flow rate and the gain path in the M = 3 laser cavity. Specifically, SDO generator discharge power has been increased up to 4.5 kW, laser mixture flow rate up to approximately 0.5 mole s −1 , and gain path up to 10 cm. The steadystate run time of the new scaled-up laser apparatus at these conditions is approximately 5 s, with the Mach number along the laser cavity nearly constant, M = 2.9. Two different types of discharges have been used to generate SDO, crossed nanosecond pulser/transverse dc sustainer discharge and capacitively coupled transverse RF discharge. Flow temperature downstream of the discharge, SDO yield and gain in supersonic cavity have been measured in a wide range of discharge power, nitric oxide mole fraction in the main oxygen-helium flow, oxygen percentage in the mixture and iodine vapour flow rate, at discharge pressures ranging from 60 to 90 Torr.
The results demonstrate that SDO yields are comparable for both types of discharges. Highest yields achieved so far remain rather low, 3.6-3.7%, due to fairly low energy loading per oxygen molecule in the discharge, 0.3-0.5 eV/O 2 molecule. SDO yield moderately increases when a small amount of NO (a few hundred ppm) is added to the flow. Reducing oxygen percentage in the O 2 -He mixture also increases SDO yield. The results show that adding a few hundred ppm of NO to the O 2 -He flow is critical for producing gain in the laser cavity. Without NO, absorption or very weak gain have been detected while adding NO produced gain exceeding 0.1% cm −1 , at the same discharge and flow conditions. Gain at high RF discharge powers (above 3 kW) using a single discharge section nearly levels off, approximately at 0.11% cm −1 . The use of two consecutive identical discharge sections, with flow residence time in the discharge doubled, resulted in slightly lower gain measured at the same discharge power. Also, gain measured with two discharge sections peaks at 2.75 kW and starts decreasing at higher RF powers. Comparable gain has been measured at the same flow conditions using a pulsersustainer discharge, 0.07% cm −1 at sustainer discharge power of 2.6 kW. This suggests that replacing the pulser-sustainer discharge with transverse RF discharge does not result in a marked improvement of DOIL laser performance.
Gain and static temperature measurements at multiple axial locations in the supersonic section demonstrated near uniform gain and temperature distributions along the cavity, 0.10-0.12% cm and T = 125-140 K, over the distance of approximately 10 cm. Highest gain measured is 0.122% cm −1 at T = 140 K (2.4% per double pass). Gain dependence on the transverse (vertical) distance, measured at two axial locations, x = 3.2 cm and x = 12.7 cm from the nozzle exit, show that positive gain region (up to 0.11% cm −1 ) extends over one third to one half of the cavity height, i.e. over approximately 5-6 mm, with absorption measured in the boundary layers near top and bottom walls of the cavity. Static temperature distributions in the supersonic inviscid core approximately 6 mm thick are nearly uniform, T = 120-140 K. In the boundary layers, static temperature increases up to T = 280-340 K. Laser power has been measured using two different resonator configurations, (i) 99.9% output couplers on both resonator sides, 2.5 W, and (ii) a 99.9% mirror on one side and a 99% output coupler on the other side, 3.1 W. The latter result demonstrates that at the present conditions (double pass gain up to 2.4%) laser power can be coupled out without using highreflectivity output couplers. Gain measurements downstream of the resonator during lasing demonstrate moderate gain reduction at these conditions, 20-30% for the first mirror combination and only 6% for the second mirror combination. Gain downstream of the resonator remains nearly independent of the axial distance, by up to 10 cm. This demonstrates that only a small fraction of power stored in the flow and available for lasing is coupled out, and that additional power may be coupled using the second resonator placed downstream of the first resonator location. Indeed, preliminary laser power measurements using two transverse resonators operating at the same time (both using 99.9%-99% mirror combinations) demonstrated lasing at both locations, with the total power of 3.8 W. Further laser power and gain recovery measurements are currently underway.
